The reaction of laser-ablated vanadium, niobium and tantalum atoms with hydrogen sulfide has been investigated using matrix isolation FTIR and theoretical calculations. The metal atoms inserted into the H−S bond of H 2 S to form the HMSH molecules (M=V, Nb, Ta), which rearranged to H 2 MS molecules on annealing for Nb and Ta. The HMSH molecule can also further react with another H 2 S to form the H 2 M(SH) 2 molecules. These new molecules were identified on the basis of the D 2 S and H 2 34 S isotopic substitutions. DFT (B3LYP and BPW91) theoretical calculations are used to predict energies, geometries, and vibrational frequencies for these novel metal dihydrido complexes and molecules. Reaction mechanism for formation of group V dihydrido complex was investigated by DFT internal reaction coordinate calculations. The dissociation of HVSH gave VS+H 2 on broad band irradiation and reverse reaction happened on annealing. Based on B3LYP calculation releasing hydrogen from HVSH is endothermic only by 13.5 kcal/mol with lower energy barrier of 16.9 kcal/mol.
the S−H bond of hydrogen sulfide to form the HMSH, H 2 MS, and H 2 M(SH) 2 (M=Ti, Zr, Hf) molecules [30] . In the case of group XII metal reactions only insertion products HMSH (M=Zn, Cd, Hg) were identified. The HZnSH and HCdSH were obtained on sample annealing; however, the HHgSH was observed on UV irradiation [31] .
In this work, we report here the identification of group V metal dihydrido complexes that are produced through laser-ablated V, Nb, Ta atom reactions with H 2 S in solid argon. The vibration frequencies are confirmed by isotopic substitution and DFT frequency calculations. The metal dihydrido complexes observed in our experiment are instructive for designing the reversible hydrogen storage materials.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
Our experimental method has been described in detail previously [32] [33] [34] . Briefly, a Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate with 10 ns pulse width) was focused onto a rotating transition metal target through a hole in a CsI window cooled normally to 4 K by means of a closed-cycle helium refrigerator. The laser-evaporated metal atom was co-deposited with hydrogen sulfide in excess argon onto the CsI window for 1 h at a rate of 2−4 mmol/h. The H 2 S, H 2 34 S, and D 2 S samples were prepared by previously described method [30] . After deposition infrared spectra were recorded on a Bruker 80 V spectrometer at a 0.5 cm −1 resolution between 4000 and 400 cm −1 using a liquid nitrogen cooled broad band MCT detector. Matrix samples were annealed at different temperatures and were irradiated for 10 min by a mercury arc lamp (175 W) with globe removed to allow reagent diffusion and further reaction.
Quantum chemical calculations were performed using Gaussian 09 program soft package to help the assignment of vibrational frequencies of the observed reaction products [35] . The B3LYP [36] and BPW91 [37] density functional were applied and aug-cc-pVTZ-PP basis sets of Peterson et al., which incorporate a relativistic pseudo potential that account for scalar relativistic effects, were employed for Nb and Ta atoms [38, 39] . The aug-cc-pVTZ basis sets were employed for V, S, and H atoms [40, 41] . The geometries of various reactants, intermediates, and products were fully optimized. The vibrational frequencies were calculated with analytic second derivatives, and zero-point energies were derived. The intrinsic reaction coordinate (IRC) calculations were carried out to ensure the obtained TSs connecting the desired reactants and products.
III. RESULTS AND DISCUSSION

A. Infrared spectra
Infrared spectra for the reactions of laser-ablated V, Nb, and Ta atoms with H 2 S in excess argon in the selected regions are illustrated in Fig.1−Fig.3 , and the product absorptions are listed in Table I . For all three laser-ablated metal reactions experiments were also done with sulfur-34 isotopic-labeled samples (H 2 34 S) and deuterium labeled samples (H 2 S+HDS+D 2 S), and the representative spectra in selected region are shown in Fig.1−Fig.3 , respectively.
B. Calculations
Calculations at the B3LYP level of theory were done for three isomers of MH 2 S, namely, the inserted HMSH and H 2 MS molecules, and the M(SH 2 ) complexes. The calculated geometric parameters and relative stabilities of HMSH and H 2 MS isomers are shown in Fig.4 , and the calculated vibrational frequencies and intensities are listed in Tables II−IV for observed molecules. We find the HVSH molecule is the lowest in energy for all three 2 , which were calculated also to be dihydrido complex as shown in Fig.4 .
C. Vanadium
HVSH
Laser-ablated vanadium atom reactions with H 2 S in excess argon gave the strongest new band at 1575.6 cm −1 , which appeared on deposition and increased on 25 K annealing, but greatly decreased on broad-band photolysis. This band showed no sulfur-34 shift, but shifted to 1136.1 cm −1 with D 2 S, giving an isotopic H/D ratio of 1.3868, suggesting that the 1575.6 cm −1 band is due to V−H stretching mode. In the experiment with H 2 S+HDS+D 2 S mixture the doublet hydrogen isotopic distribution pattern (1575.6 and 1136.1 cm −1 ) was observed, confirming one hydrogen atom involved in this mode. So 1575.6 cm −1 band is appropriate for the V−H stretching mode of HVSH molecule. Notice the V−H stretching frequency was observed for HV(OH) at 1567.0 cm −1 in the vanadium atom reaction with H 2 O [42] .
Theoretical calculations at B3LYP and BPW91 level predicted that the HVSH molecule with high-spin quartet ground state is in the global minimum energy (Fig.4) . Our frequency calculation gave strong V−H stretching frequency at 1643.4 cm −1 (B3LYP) and 1629.6 cm −1 (BPW91), which is overestimated by 5.6% (B3LYP) and 3.4% (BPW91), respectively, in very good agreement with harmonic DFT frequency calculation for group V metal hydrides. In addition the calculated intensity of S−H stretching mode for HVSH is extremely weak (Table II) , which is in agreement with our experiment in which this mode was not observed.
H2V(SH)2
Two weak bands at 1682.8 and 1666.7 cm −1 appeared on initial deposition of vanadium atoms with H 2 S in excess argon, which increased upon annealing, but decreased on irradiation. These bands exhibited no sulfur-34 shift but shifted to 1215. 4 DFT frequency calculations substantiate the assignment of H 2 V(SH) 2 molecule. Firstly, with B3LYP functional the V−H stretching modes are computed for H 2 V(SH) 2 at 1809.1 and 1801.6 cm −1 , respectively, which are overestimated by about 7%. These calculated results are in line with calculated and observed frequencies for other vanadium dihydrides [45] . Secondly the calculated antisymmetric and symmetric V−H modes for H 2 V(SH) 2 are about 160 cm −1 higher than the same modes for HVSH, which are in agreement with our observation. Thirdly, since the total energy of HVSH is 11 kcal/mol lower than that of H 2 VS that was not observed; however, in our experiment the major product HVSH further reacts with H 2 S to form H 2 V(SH) 2 and this reaction is exothermic by 22 kcal/mol based on our B3LYP calculation. In addition our BPW91 frequency calculations as listed in Table II 
VS and VS2
In the V+H 2 S experiment a weak band in V−S stretching region at 529.4 cm −1 is due to diatomic VS molecule, which was observed on deposition and greatly enhanced on broad band photolysis at the expense of HVSH and H 2 V(SH) 2 molecules. This band exhibited no deuterium isotopic shift but shifted to 519.7 cm
with H 2 34 S, and gave an isotopic 32 S/ 34 S ratio of 1.0187.
S mixture (not shown) doublet distribution at 529.4 and519.7 cm −1 was observed and assignment of VS is confirmed. Notice this band was observed weakly in early vanadium atom reaction with discharged sulfur vapor [43] . Another band at 583.5 cm −1 appeared on 300−740 nm irradiation and enhanced greatly on broad-band photolysis, which has been assigned to VS 2 molecule [43] . The V−S stretching modes for VS and VS 2 molecules were calculated at 539.8 and 593.0 cm −1 (B3LYP), respectively, which are overestimated by only 10 cm −1 . The calculated BPW91 frequencies are even better matching observed values (Table II) .
D. Niobium
H2NbS and H2Nb(SH)2
The absorptions at 1709. 8 
NbS and NbS2
In the Nb+H 2 S experiments, a weak band at 541.2 cm −1 observed on deposition increased 50% on 300−700 nm irradiation. This band showed no deuterium shift but shifted to 533. appeared on co-deposition and increased on broadband photolysis, and shifted to 520.4 cm −1 with H 2 34 S sample, defining the 32 S/ 34 S isotopic ratio of 1.0206. This band has been assigned to NbS 2 molecule [43] . The NbS stretching mode is predicted at 539.4 cm −1 , which is overestimated by 1.5%. Notice the increase of 541.2 cm −1 band is at expense of H 2 NbS on UV irradiation.
E. Tantalum
H2TaS and H2Ta(SH)2
In solid argon, the reactions of Ta with H 2 S gave a set of bands at 1785.5, 1769.4 and 538.3 cm −1 , which tracked together in the whole reaction process. These bands appeared on the co-deposition, increased two folds on 25 K annealing, slightly increased on 300−740 nm irradiation, but decreased on broad band irradiation. The 1785. (Nb) and 1825.3 cm −1 (Ta) with B3LYP calculation, which are overestimated by 5.4% and 3.8%, respectively. In addition M−S stretching modes were predicted at 548.8 cm −1 (Nb) and 553.1 cm −1 (Ta). Unfortunately these modes were not observed in our experiments.
G. Reaction mechanism
As shown in Fig.5 It should be noted that the H 2 VS( 2 A ′ ) is 11.1 kcal/mol higher in energy than HVSH, indicating the formation of HVSH is thermodynamically favored, which is in accord with our observation that main reaction product is HVSH in the experiment of V+H 2 S in argon matrix. [42] . However, releasing hydrogen from HVSH is endothermic only by 13.5 kcal/mol with lower energy barrier of 16.9 kcal/mol, indicating vanadium sulfides may be a better hydrogen energy storage material than vanadium oxides as the hydrogen storage and release process are easier to take place. Metal sulfides such as MoS x and BiS x have potential applications for hydrogen storage because of their unique characteristics of strong gas adsorptions [44] .
Furthermore, the insertion products HMSH can also react with H 2 S to give H 2 M(SH) 2 on annealing. 
HVSH(
4 A ′ ) + H 2 S( 1 A 1 ) → H 2 V(SH) 2 (2 A
IV. CONCLUSION
The reactions of laser-ablated V, Nb, and Ta atoms with sulfur hydride have been investigated using matrix isolation FTIR and theoretical calculations. The V, Nb, and Ta atoms inserted into the H−S bond of sulfur hydride to form the HMSH molecules (M=V, Nb, Ta), which further rearrange to H 2 MS molecules on annealing for Nb and Ta. HMSH can also further react with other sulfur hydride to form the H 2 M(SH) 2 molecules. The molecules were identified on the basis of the D 2 S and H 2 34 S isotopic substitutions as well as density functional calculations. Qualitative analysis of the reaction paths leading to the observed products was proposed. The H 2 elimination process was observed for group V metal dihydrido complexes on broad band irradiation. 
